Vehicle ownership is one of the most important factors affecting fuel demand. Based on the forecast of China's vehicle ownership, this paper estimates China's fuel demand in 2035 and explores the impact of new energy vehicles replacing fossil fuel vehicles. The paper contributes to the existing literature by taking into account the heterogeneity of provinces when using the Gompertz model to forecast future vehicle ownership. On that basis, the fuel demand of each province in 2035 is calculated. The results show that: (1) The vehicle ownership rate of each province conforms to the S-shape trend with the growth of real GDP per capita. At present, most provinces are at a stage of accelerating growth. However, the time for the vehicle ownership rate of each province to reach the inflection point is quite different. (2) Without considering the replacement of new energy vehicles, China's auto fuel demand is expected to be 746.69 million tonnes (Mt) in 2035. Guangdong, Henan, and Shandong are the top three provinces with the highest fuel demand due to economic and demographic factors. The fuel demand is expected to be 76. 76, 64.91, and 63.95 Mt, respectively. (3) Considering the replacement of new energy vehicles, China's fuel demand in 2035 will be 709.35, 634.68, and 560.02 Mt, respectively, under the scenarios of slow, medium, and fast substitution-and the replacement levels are 37.34, 112.01, and 186.67 Mt, respectively. Under the scenario of rapid substitution, the reduction in fuel demand will reach 52.2% of China's net oil imports in 2016. Therefore, the withdrawal of fuel vehicles will greatly reduce the oil demand and the dependence on foreign oil of China. Faced with the dual pressure of environmental crisis and energy crisis, the forecast results of this paper provide practical reference for policy makers to rationally design the future fuel vehicle exit plan and solve related environmental issues.
Introduction
China has become the world's second-largest oil consumer after the United States. In 2016, China's oil consumption was 579 Mt, accounting for 13.1% of the world's total oil consumption [1] . In the same year, the net oil import of China was 358 Mt, and its foreign oil dependency rose to 61.8% [2] . The continued rising foreign oil dependency has seriously threatened China's energy security [3] . The oil demand for road transportation is currently the largest oil consumer in China. In 2015, the proportion of oil consumption in the road transportation sector accounted for 48.4% of the total [4] . In the past three decades, with the sustained and rapid development of China's economy, vehicle ownership keeps rising, while the proportion of new energy vehicles (NEVs) is still small, which has not only increased China's oil demand, but also exacerbated related environmental problems-especially air pollution and climate change. To combat global climate change and to improve air quality, Norway, Netherlands, India, Germany, the United Kingdom, France, and other countries have proposed and later decided to ban vehicles powered by fossil fuels, and encourage the replacement of fuel vehicles with new energy vehicles. After that, in September 2017, the Vice Minister of the Ministry of Industry and Information Technology (MIIT) of China said that MIIT has started relevant research and will make such a timeline with relevant departments, at an auto industry event in Tianjin [5] . The timeline is expected to be officially launched in 2035.
The development of NEVs is becoming a strategic choice for many countries to deal with climate change and energy security, as well as to gain advantage in international competition. Thanks to the technological advances, government subsidies, and restrictions on purchases in some cities, sales of NEVs in China continue to rise rapidly, and the substitution effect of fossil fuel vehicles by NEVs cannot be ignored any more. Therefore, it is of practical significance to quantitatively evaluate the development trend of NEVs and their impact on China's oil demand. Against the background of increasing vehicle ownership, the rising oil dependency, and the accelerating replacement of fuel vehicles with NEVs, this paper estimates China's fuel demand in 2035 based on the prediction of future vehicle ownership in China, and the impact of NEVs substitution on oil demand under three scenarios of slow, medium, and fast substitution. The results may provide practical reference for policy makers to rationally design the future fuel vehicle exit plan and solve related environmental issues.
The structure of the paper is arranged as follows: Section 2 reviews researches on the forecast of vehicle ownership and fuel demand. Section 3 introduces the empirical model, parameter estimation, and the data acquisition process of the paper. Section 4 presents the results and discussions. Section 5 conducts a robustness test of different replacement speeds. Lastly, Section 6 covers conclusions and policy implications.
Related Literature
Energy demand analysis and forecast have always been an important research topic. The energy demand forecasting model can be divided into the top-down model, the bottom-up model, and the hybrid model. Zhao et al. [6] gave a detailed overview of the advantages and defects of the three models, as well as their application in practice in various countries. The bottom-up model is generally based on engineering technology. It can better describe the technologies and costs used in energy production and energy consumption. It is also useful when analyzing and predicting various scenarios of future technical changes. Thus, it is more frequently used in forecasting the transportation energy demand. For example, Johansson and Schipper [7] developed a method to estimate the long-run vehicle energy demand in the United States based on the estimated results of US vehicle ownership, average fuel economy, and average mileage. After analyzing the composition of Japanese automobile market, Palencia et al. [8] measured the fuel demand of Japanese light vehicles in the long-run.
In recent years, research on China's automobile fuel demand is gradually enriched, among which the most common methods are those combining vehicle ownership forecast with different technological progress scenarios. Using the data of China's road transport sector between 1997 and 2002, He et al.
[9] developed a bottom-up model to predict the fuel consumption and CO 2 emissions in 2030 under three scenarios regarding motor vehicle fuel economy improvements. Zhang et al. [10] forecast fuel demand of China in 2030 under three energy consumption decrease scenarios by establishing a Long-range Energy Alternative Planning System (LEAP) model. The scenarios are: (1) 'Business as usual'; (2) 'advanced fuel economy'; and (3) 'alternative energy replacement'. Wang et al. [11] made a scenario analysis of energy consumption and reductions in CO 2 emissions in China's transport sector in 2050 by using the Transportation Mode-Technology-Energy-CO 2 (TMOTEC) model, which is based on discrete choice method and general transport cost simulation. Wu et al. [12] used the Gompertz model to forecast China's future vehicle ownership, and then measured the fuel demand of China's road transport sector in 2050. As China's vehicle ownership is still in a period of rapid growth and is not saturated, future vehicle ownership, which is regarded as the basis of predicting fuel demand by many researchers [12] [13] [14] [15] [16] , is the most important factor affecting China's fuel demand. International experience shows that vehicle ownership rate of a country increases slowly at the lowest income levels, followed by an increasing rate of growth as income rises, and then slows down as saturation is approached. That is, the relationship between vehicle ownership rate and GDP per capita can be represented by some sort of S-shape curve [12] [13] [14] [15] . In terms of the model fitness of the S-shape curve for fuel demand forecasting, the Gompertz model is proven to be more suitable for the prediction by some researchers [17] [18] [19] because of its excellent applicability and general characteristics of the growth curve, compared with other S-shape models.
Most of the existing research focuses on fuel demand forecasting at the national level, while few studies at the regional level. Due to the vast territory of China and the large differences in provincial economic development, current vehicle ownership and its future trends between provinces are also quite different. Existing research uses the S-shape growth model to predict future vehicle ownership in China, but such a model does not fully consider provincial heterogeneity. It sets the saturation level and the growth rate of different provinces to the same parameters, and assumes that all the provinces follow the same growth trend, which has a large gap with the reality, thus not only affecting the accuracy of the prediction, but also providing less reasonable information and basis for local policy formulation. This paper takes into account provincial differences in population density, urbanization rate, and economic development, and makes a more reasonable calculation of the saturation level and variation parameters of the vehicle ownership rate in the forecasting model. Based on that, we forecast China's fuel demand in 2035 under different scenarios from the provincial level, thus making a more detailed assessment of the substitution effect of NEVs on China's oil demand.
Methodology
The research purpose of this paper is to evaluate the impact of fossil fuel vehicle exit on China's oil demand. For that, we predicted the fuel demand of China's 31 provinces in 2035 in two steps ( Figure 1 ): (1) We established the Gompertz model based on the S-shape curve relationship between vehicle ownership rate and GDP per capita to forecast the vehicle ownership rate of each province, and then we took into account the population growth to predict vehicle ownership in all provinces in 2035. In particular, we took account of the provincial heterogeneity in economic development, population density, and urbanization rate when determining the saturation level of vehicle ownership in each province. (2) Based on the forecast results of vehicle ownership of each province, with which we combined the annual average vehicle miles traveled and fuel consumption rate of different types of vehicles, we measured China's fuel demand of each province in 2035 and the substitution effect of NEVs with three different substitution speeds on China's oil demand.
Vehicle Ownership Projection
Previous studies show that there is obvious positive correlation between vehicle ownership rate and GDP per capita, and the growth rate of vehicle ownership rate with GDP per capita growth is not stable, but follows an S-shape upward trend [12] [13] [14] [15] . The internal logic is as follows: When the income level is very low, the increase in income for the residents will be preferentially spent on daily necessities. As resident income rises, together with the social transportation infrastructure improved, the demand for automobiles will rise rapidly because residents have extra money after solving the problem of food and clothing. Then, the growth of vehicle ownership rate will slow down and gradually approach saturation when resident income reaches a certain level and most residents have their traffic needs met. Finally, at an extremely high income level, residents will not have a larger number of cars, but replace the old cars with new ones when necessary.
The S-shape curves for demand forecasting can be fit using different models, such as the Bass model, the Logistic model, and the Gompertz model. All three curve models indicate that as the independent variable increases, the growth rate of the dependent variable first has an increasing Energies 2019, 12, 2771 4 of 18 growth, and then slows down, and finally approaches a saturation level. The Bass model is usually used to describe the diffusion trend of a technological innovation. The Logistic model is applicable to describe the life cycle of a consumer product, with a curve symmetrical about the inflexion point and time as the independent variable. The Gompertz model has similar features to the Logistic model, with excellent applicability and general characteristics of the growth curve. However, its corresponding S-shape curve is asymmetrical about the inflection point, and the independent variable may not be time. Compared with the Bass model and the Logistic model, the Gompertz model is more suitable for the prediction of vehicle ownership rate. The existing research also verifies that. Based on the historical data of vehicle ownership in the United Kingdom, Muraleedharakurup et al. [17] confirmed that the Gompertz model is better than the Logistic model and the Bass model in terms of forecasting future hybrid vehicle adaptation. Similarly, Huo and Wang [18] performed regression analysis using data of vehicle sales and stocks in China. The results also showed that the Gompertz model fit best among the three models. 
The S-shape curves for demand forecasting can be fit using different models, such as the Bass model, the Logistic model, and the Gompertz model. All three curve models indicate that as the independent variable increases, the growth rate of the dependent variable first has an increasing growth, and then slows down, and finally approaches a saturation level. The Bass model is usually used to describe the diffusion trend of a technological innovation. The Logistic model is applicable We draw on and expand the Gompertz model established by Dargay and Gately [20] to forecast the vehicle ownership of the 31 provinces of China in 2035. We assume that the relationship between vehicle ownership rate and GDP per capita can be expressed as the following:
where i and t denote province and time, respectively; Y it is the vehicle ownership rate (measured in vehicles per 1000 people) of province i at time t; PGDP it is the real GDP per capita (measured in GDP per 1000 people) of province i at time t; M it is the saturation level of the vehicle ownership rate (measured in vehicles per 1000 people) of province i at time t; a i and b i are two parameters to be estimated that determine the shape or curvature of the function. (Let the second derivative of Equation (1) be equal to 0, and we can get the per capita GDP and the exact year of each province at Equation (1) can be mathematically transformed as:
In order to predict the vehicle ownership rate of each province in 2035, we use the data of 31 provinces in the past 20 years to establish the regression model to estimate the parameters a i and b i . The model is as follows:
where [22] used the data on urbanization rates and population densities to adjust the saturation levels of different countries when predicting the vehicle ownership in 45 countries around the world. According to the domestic and foreign research results, GDP per capita, urbanization rate, and population density are important factors affecting the growth of the vehicle ownership rate in a region [23, 24] . Considering the heterogeneity of different provinces in China, we estimate the saturation levels of the vehicle ownership rate in different provinces separately. For province i , the saturation level of its vehicle ownership rate at year t can be expressed as:
In Equation (4), PGDP it represents the real GDP per 1000 people; Urban it indicates the urbanization rate; Density it is the population density. Besides, δ 0 , δ 1 , δ 2 , and δ 3 are parameters of the model; e it is the error term. As PGDP , Urban , and Density change over time, the maximum potential value of the vehicle ownership rate in each province also changes with time. The descriptions of model parameters are shown in Table 1 . (4) using the historical data of EU15; (2) Calculate M it with the predicted GDP per capita, urbanization rate, and population density of each province in 2035.
Parameters determining the shape or curvature of the S-shape curve
Regression Analysis
Perform regression analysis between the vehicle ownership rate and the real GDP per capita using provincial data over the years.
Perform regression analysis between the vehicle ownership rate and the real GDP per capita, urbanization rate, and population density using historical data of EU15 over the years.
It can be demonstrated from Equation (4) vehicle ownership rate has not yet reached the saturation level, and it is impossible to use China's historical data to estimate these parameters. This paper uses the historical data of EU15 to measure the parameters in the model. This is mainly for two reasons: Firstly, countries or regions to be chosen must have already reached or approached the saturation level of vehicle ownership rate in order to meet the requirements in Equation (4) . Around the world, countries and regions with a high vehicle ownership rate include countries in North America and some other developed countries in Europe. As it can be seen from Figure 2 , the vehicle ownership rate in EU15 is relatively stable between 2005 and 2015. Secondly, to more accurately estimate the saturation level of China's vehicle ownership rate, it is necessary to select countries and regions with similar population distribution and geographical structure to China to minimize the error. The population density of the United States and Canada in North America is far less than China, while EU15 are more similar to China in terms of population distribution and regional structure. (In 2016, China, the United States, Canada, and EU15 had a population density of 143.1 peo./km 2 , 35.3 peo./km 2 , 4 peo./km 2 , and 125.6 peo./km 2 respectively.) Therefore, we finally chose the historical data of EU15 to measure the parameters in Equation (4). After determining the parameters in Equation (4) 
Fuel Demand Projection
Fuel demand is determined by vehicle population, average miles traveled, and fuel consumption rates [18] . Since the average mileage and fuel economy of different types of vehicles vary greatly, we further categorize them into eight types. Fuel demand of each type can be expressed as follows:
where is the fuel consumption of province in the year ; denotes the vehicle type ownership of province in the year , and = ∑ , in million; is the annual miles traveled by vehicle type of province in the year , in kilometers; is the fuel consumption In the vehicle ownership forecasting model, the data involved includes real GDP per capita of each province, the vehicle ownership rate of each province, and the saturation level of the vehicle ownership rate of each province. Among them, real GDP per capita of each province over the years comes from the China Statistical Yearbook from 1996 to 2017, deflated by the CPI, with 2010 as the base year. The vehicle ownership rate is the ratio of vehicle ownership to total population, from the China Automotive Market Yearbook and the China Statistical Yearbook over the years, respectively. In the setting of the saturation level of the vehicle ownership rate, the data involved includes vehicle ownership, the real GDP per capita (2010 RMB), the urbanization rate, and the population density in EU15 and in the 31 provinces of China. Among them, the data of vehicle ownership in EU15 comes from the International Organization of Motor Vehicle Manufacturers (OICA). The real GDP per capita (2010 RMB), urbanization rate, and population density are from the World Bank database. The historical data of vehicle ownership, real GDP per capita (2010 RMB), urbanization rate, and population density of the 31 provinces over the years are from the provincial statistical yearbooks.
where FC it is the fuel consumption of province i in the year t ; Y ijt denotes the vehicle type j ownership of province i in the year t , and Y it = j Y ijt , in million; VMT ijt is the annual miles traveled by vehicle type j of province i in the year t , in kilometers; FR ijt is the fuel consumption rate of vehicle type j of province i in the year t , in L/100 km; FD indicates the density of the fossil fuel, and the unit is kg/L. The National Bureau of Statistics divides vehicles into passenger vehicles and trucks. The passenger vehicles are further divided into large passenger vehicles (LPVs), medium passenger vehicles (MPVs), small passenger vehicles (SPVs), and mini cars (MCs). Trucks are further divided into heavy-duty trucks (HDTs), medium-duty trucks (MDTs), light-duty trucks (LDTs), and mini trucks (MTs). Based on the type of fuel consumed by vehicles, each type is subdivided into petrol ones and diesel ones. Since the population of diesel vehicles in MTs and MCs, and gasoline vehicles in LPVs and HDTs is extremely small, it is feasible in our calculation to assume that all mini vehicles consume gasoline and all heavy vehicles consume diesel.
The number of each vehicle type in each province is determined both by the total vehicle population in the province and by the proportion of the vehicle type. In the past three years, the proportion of each type of automobile in China has changed little [2] . Therefore, we assume that the proportion of each vehicle type in each province remains constant from 2015 to 2035. Y is predicted by the Gompertz model; VMT and FR come from the Annual Report on Automobile Energy-saving in China (2015). The statistics show that the average annual mileage of each type of vehicle changed little in recent years [25, 26] . Hence we assume that VMT for each vehicle type is constant until 2035. FR reduces by the average speed between 2004 and 2014. FD is based on National VI Standard (the fifth phase of the national gasoline and diesel national standard). Involved parameters above are summarized in Table 2 . Figure 3 shows the changes in the vehicle ownership rate with GDP per capita in different provinces of China. It does not take much to see that the trend of each province basically conforms to our assumption of the S-shape curve, and most provinces in China have not met the inflexion points where the growth begins to slow. Most provinces are still in a period of accelerated growth.
Results and Analysis

Vehicle Ownership
China consume gasoline, while LPVs and HDTs are mainly powered by diesel. Other types of vehicles are mixed with gasoline-powered and diesel-powered. Since diesel enjoys an obvious advantage in cost, fuel efficiency, and cleanliness, dieselization of trucks and large and medium passenger vehicles is increasingly obvious. Therefore, we assume that SPVs, MCs, and MTs continue consuming gasoline in 2035, while other vehicles are fueled by diesel. 2 Vehicles other than passenger vehicles and trucks account for less than 1%, so this paper ignores other vehicles when forecasting the total fuel demand. Figure 3 shows the changes in the vehicle ownership rate with GDP per capita in different provinces of China. It does not take much to see that the trend of each province basically conforms to our assumption of the S-shape curve, and most provinces in China have not met the inflexion points where the growth begins to slow. Most provinces are still in a period of accelerated growth. Then, using the panel data of EU15, we establish a fixed effect model to estimate the parameters in Equation (4). The regression results are displayed in Table 3 . The t-value is in the parentheses. R 2 is 0.846, and the model has a good fitting degree. The regression results show that GDP per capita and population density have significant positive correlations with the vehicle ownership rate. That is, the more developed the economy and the denser the population, the higher the saturation level of the vehicle ownership rate. The coefficient of urbanization rate is significantly negative, which means that the higher the level of urbanization, the lower the saturation level of the vehicle ownership rate. That is probably because regions with higher urbanization levels are usually equipped with more developed public transportation and more improved traffic infrastructure. Table 3 . Regression results of Equation (4). Then, using the panel data of EU15, we establish a fixed effect model to estimate the parameters in Equation (4). The regression results are displayed in Table 3 . The t-value is in the parentheses. R 2 is 0.846, and the model has a good fitting degree. The regression results show that GDP per capita and population density have significant positive correlations with the vehicle ownership rate. That is, the more developed the economy and the denser the population, the higher the saturation level of the vehicle ownership rate. The coefficient of urbanization rate δ 2 is significantly negative, which means that the higher the level of urbanization, the lower the saturation level of the vehicle ownership rate. That is probably because regions with higher urbanization levels are usually equipped with more developed public transportation and more improved traffic infrastructure. Note: t-values are shown in the parentheses; *** p < 0.01, ** p < 0.05.
Results and Analysis
Vehicle Ownership
Coefficient Result
After determining the parameters of Equation (4), we can estimate the saturation level of the vehicle ownership rate M it in each province. The estimation results are shown in the sixth column of Table 4 . On that basis, parameters in the Gompertz model (3) is estimated from the data of the provincial vehicle ownership rate and the real GDP per capita (2010 RMB) between 1997 and 2016. Table 4 and Figure 4 . Taking the population growth in to consideration, the projection results of vehicle ownership in each province in 2035 are shown in Figure 5 . In particular, for the three municipalities Beijing, Shanghai, and Tianjin, the saturation level of the vehicle ownership rate is more affected by the government's control policies. The automobile purchase restriction policies of the three cities have greatly limited the growth of vehicle ownership. It could be demonstrated in Figure 3 that the vehicle ownership rate of the three cities has already entered a stage of decelerating growth in recent years. Therefore, our study assumes that the annual increase of automobiles is equal to the number of new license plates. (In fact, the purchase restriction policy is only for passenger cars. However, for the three economically developed cities, more than 90% of the increase in vehicle ownership can be accounted for by the increase of passenger cars. Therefore, the annual increase of automobiles can be approximately seen as the number of new license plates.) According to the current purchase restriction policy, the total number of new license plates in Shanghai and Tianjin is maintained at around 100,000 per year, and the number of car license plates in Beijing has dropped from 150,000 to 100,000 per year since 2018. In our forecast, it is assumed that the number of new license plates will remain at this level in the three municipalities in the future. 
Fuel Demand
On the basis of the forecast results of vehicle ownership of each province, we take into account factors including the proportion of different vehicle types, annual average mileage, fuel consumption rate, etc., and we get the forecast results of fuel consumption in each province in 2035 (Table 5 ). It can be seen from the forecast results that: (1) The total national automobile fuel demand is estimated to be 746.69 Mt (gasoline and diesel) in 2035, which is two times higher than the number of 230 Mt in 2015, with an average annual growth of 5.7%. (2) Guangdong, Henan, and Shandong are the three provinces with the highest demand for automobile fuel, which are 76.76, 64.91, and 63.95 Mt respectively. Compared with the previous results of vehicle ownership in each province, we can find that the ranking of vehicle ownership among the provinces is not exactly the same as the ranking of fuel demand. This can be explained by the different structure of vehicle stock in each province. Take Henan Province as an example: Henan has a lower vehicle ownership than Jiangsu and Shandong, but it has a larger number of trucks than the other two provinces. The higher fuel consumption rate of trucks increases the demand for automobile fuel in Henan Province ( Figure 6 ). (3) Examining the percentage of gasoline and diesel demand in different provinces (Figure 7) , we can come to the conclusion that more-developed regions usually have a higher 
On the basis of the forecast results of vehicle ownership of each province, we take into account factors including the proportion of different vehicle types, annual average mileage, fuel consumption rate, etc., and we get the forecast results of fuel consumption in each province in 2035 (Table 5 ). It can be seen from the forecast results that: (1) The total national automobile fuel demand is estimated to be 746.69 Mt (gasoline and diesel) in 2035, which is two times higher than the number of 230 Mt in 2015, with an average annual growth of 5.7%. (2) Guangdong, Henan, and Shandong are the three provinces with the highest demand for automobile fuel, which are 76.76, 64.91, and 63.95 Mt respectively. Compared with the previous results of vehicle ownership in each province, we can find that the ranking of vehicle ownership among the provinces is not exactly the same as the ranking of fuel demand. This can be explained by the different structure of vehicle stock in each province. Take Henan Province as an example: Henan has a lower vehicle ownership than Jiangsu and Shandong, but it has a larger number of trucks than the other two provinces. The higher fuel consumption rate of trucks increases the demand for automobile fuel in Henan Province ( Figure 6 ). (3) Examining the percentage of gasoline and diesel demand in different provinces (Figure 7) , we can come to the conclusion that more-developed regions usually have a higher GD  SD  JS  HA  ZJ  HN  HB  AH  SC  FJ  GX  JX  YN  CQ  GZ  HE  SN  LN  JL  BJ  SX  IM  SH  XJ  HI  GS  HL  TJ  NX  XZ According to the results of regression and prediction, we can find that: (i) The two parameters a and b in the Gompertz model are positive. Combined with Equations (2)- (4), it can be concluded that with the growth of GDP per capita, its positive marginal effect on vehicle ownership rate will increase first and then decrease. That is, as GDP per capita rises, the willingness of residents to increase the proportion of their income for automobile purchase will increase firstly and then gradually decrease, but it will still be positive. Besides, the larger b is, the smaller GDP per capita, corresponding to the saturation level. (ii) Overall, the growth rate of China's vehicle ownership rate will arrive at the inflection point in 2023, which means that the growth of China's vehicle ownership rate with GDP per capita will slow down after 2023. In addition, except a few provinces such as Xinjiang, most provinces in China will meet their inflexion points between 2020 and 2029. In other words, the vehicle ownership rate in most provinces will be growing at a slower pace in 2035. (iii) The average vehicle ownership rate of China in 2035 will be 436 vehicles per thousand people, which is nearly three times the number of 118 vehicles per thousand people in 2015, with an average annual growth rate of 6.7%. At the same time, the provincial differences in the vehicle ownership rate will continue to increase in the future. In 2035, Jiangsu, Chongqing, and Zhejiang will have the highest vehicle ownership rates, with 654, 621, and 612 vehicles per thousand people, respectively. Rapid growth is inseparable from the economic development and urban construction in these regions. While in Beijing and Shanghai, where the economy is also very developed, their vehicle ownership rates have gradually approached to saturation and grown with a narrow range due to the policy control. Heilongjiang, Xinjiang, and Shanxi, the three provinces with the lowest vehicle ownership rate, will have only 131, 142, and 159 vehicles per thousand people in 2035. The low growth in these regions is mainly affected by their geographical location and stagnant economic growth. (iv) Taking the total population into account, the total number of vehicle ownership in China will reach 667 million in 2035, which is about three times higher than the number of 163 million in 2015, with an average annual growth of 7.3%. Driven by population or economy, Guangdong, Shandong, and Jiangsu will become the three provinces with the highest vehicle ownership in China. Their vehicle ownership will reach 78.26, 59.23, and 48.84 million, respectively. While the least three provinces, Qinghai, Tibet, and Ningxia will have only 2.46, 2.68, and 3.49 million vehicles, respectively. At the same time, it can be easily found from Figure 5 that Guangdong, Shandong, and Jiangsu, which have great potential for development, will be the main driving forces for China's automobile growth in the future. Part of that is because of the restriction policy over the extremely densely populated areas, especially in Beijing and Shanghai.
On the basis of the forecast results of vehicle ownership of each province, we take into account factors including the proportion of different vehicle types, annual average mileage, fuel consumption rate, etc., and we get the forecast results of fuel consumption in each province in 2035 (Table 5 ). It can be seen from the forecast results that: (1) The total national automobile fuel demand is estimated to be 746.69 Mt (gasoline and diesel) in 2035, which is two times higher than the number of 230 Mt in 2015, with an average annual growth of 5.7%. (2) Guangdong, Henan, and Shandong are the three provinces with the highest demand for automobile fuel, which are 76.76, 64.91, and 63.95 Mt respectively. Compared with the previous results of vehicle ownership in each province, we can find that the ranking of vehicle ownership among the provinces is not exactly the same as the ranking of fuel demand. This can be explained by the different structure of vehicle stock in each province. Take Henan Province as an example: Henan has a lower vehicle ownership than Jiangsu and Shandong, but it has a larger number of trucks than the other two provinces. The higher fuel consumption rate of trucks increases the demand for automobile fuel in Henan Province ( Figure 6 ). (3) Examining the percentage of gasoline and diesel demand in different provinces (Figure 7) , we can come to the conclusion that more-developed regions usually have a higher demand for gasoline, while diesel often accounts for a higher proportion in less-developed regions. In economically underdeveloped regions like Tibet, Ningxia, and Xinjiang, where industry has a greater role in driving regional economic development, residents have lower demand for passenger cars because of their lower incomes. Thus, there are more trucks usually fueled by diesel in these regions. While in those relatively developed provinces, such as Zhejiang, Beijing, and Guangdong, the regional economy is more driven by the service industry. Therefore, the demand for passenger vehicles-especially cars-is much higher and the demand for gasoline is greater in these regions. HA  SD  JS  AH  HB  HN  SC  ZJ  JX  GX  FJ  CQ  YN  HE  GZ  SN  LN  JL  SX  XJ  BJ  HL  XZ  IM  SH  GS  HI  NX  TJ We compare the results of this paper with other research results, as shown in Table 6 . The listed studies have predicted the future vehicle ownership and fuel consumption in China. By comparing the results, we can see that our forecast results are at the middle level. In particular, compared with the study by Wu et al. [12] , which also used the Gompertz model to predict the number of vehicle ownership, the prediction result of this paper is higher than theirs, which may be due to fact that Wu et al. [12] set the saturation level of vehicle ownership rate for China directly in their study, while we set the saturation level of vehicle ownership rate in each province separately. In comparison with the study by Peng et al. [16] , which also established a bottom-up model and forecast the vehicle ownership provincially, our prediction results are slightly higher. There could be two reasons: Firstly, in the setting of the saturation level of the vehicle ownership rate, Peng et al. [16] referred to the saturation level of France, and set the saturation level of the provinces unlimited to the purchase restriction policies to 376 vehicles per thousand people, while the limited provinces were uniformly set to 250 vehicles per thousand people. In our study, we comprehensively considered the provincial differences in economic status, population distribution, regional structure, and restriction policies, and then reasonably measured the saturation level of the vehicle ownership rate in each province. Secondly, Peng et al. [16] set the fuel consumption rate and the annual miles traveled by different vehicle types of each province separately when establishing the bottom-up model. The refinement of these indicators placed more emphasis on the influence of other factors, such as technological progress on fuel demand, thus leading to a lower forecast result. 0   10   20   30   40   50   60   70   80   90   GD  HA  SD  JS  AH  HB  HN  SC  ZJ  JX  GX  FJ  CQ  YN  HE  GZ  SN  LN  JL  SX  XJ  BJ  HL  XZ  IM  SH  GS  HI  NX  TJ ZJ  BJ  TJ  GD  JS  SD  SC  HI  FJ  SX  HN  YN  SH  CHN  IM  GZ  HB  CQ  SX  JL  HE  HA  GX  QH  LN  JX  GS  HL  AH  XJ  NX  XZ Diesel Gasoline 
Impact of Fossil Fuel Vehicle Exit on the Oil Demand
So far, we have not taken into account the substitution effects of NEVs, and we are going to consider that in this part. According to the statistics of the Ministry of Public Security, there were 1.53 million NEVs at the end of 2017, accounting for only 0.7% of the total number of vehicles.
However, with the continuous advancement of NEV technology, the percentage of NEVs represented by electric vehicles will continue growing before the exit timeline of fossil fuel vehicles is officially launched in China, thus making the total fuel demand lower than we predicted before [10] .
Regarding the prediction of the percentage of NEVs, domestic and foreign researchers have not reached an agreement. Bloomberg [27] and ExxonMobil [28] predicted the proportion of NEVs worldwide in 2040, and their predictions were similar with 33% and 35%, respectively. As for the proportion of China's NEVs, MIIT [29] proposed the goal that NEVs should make up 10% of all the automobiles in China by 2020. What is more, according to the International Energy Agency [30] , China's NEVs will account for 25% of total vehicles by 2035.
Based on the research above, this paper calculates provincial fuel demand of Chinese vehicles in 2035, considering the substitution of NEVs. The substitution speeds in different provinces may vary because of their different policy restrictions and state of supporting facilities. Taking these provincial differences into account, we made a hierarchical cluster analysis and divided the 31 provinces of China into three groups. In our study, four indicators were selected to reflect provincial differences in the two aspects we mentioned above (Table 7) . For the hierarchical cluster analysis, the method of Ward [31] was selected because it outperforms other hierarchical cluster methods when outliers are absent. Some researches on regional cluster analysis also demonstrate that Ward's method gives the best interpretative solution [32, 33] . To eliminate the effects of different scales, we standardized the four variables when making the cluster analysis. The dendrogram shows that the 31 provinces can be grouped into three clusters. Related information of the three groups is summarized in Table 8 . It shows the mean values of the indicators in each cluster. It does not take much to see that clusters 1 and 2 are more densely populated, more urbanized, and more economically developed provinces, which means the local government is more capable of providing supporting facilities of NEVs, thus promoting the growth of NEVs. Compared with cluster 2, cluster 1 includes regions with much more dense population, with an average projected population density of 1206.4 people per square kilometer in 2035, which is two times more than that of cluster 2. More dense population will surely boost the growth of NEVs.
Therefore, in our study, we assume three different substitution speeds for the three clusters. The percentage of NEVs in 2035 will account for 25%, 15%. and 5% for clusters 1, 2, and 3, respectively. The results are shown in Table 9 . Under the substitution scenario, China's automobile fuel demand in 2035 will be 652.58 Mt. The fuel demand for clusters 1, 2, and 3 will be 132.13, 183.10, and 337.35 respectively. Besides, it is also shown in Table 9 that the average fuel demand for each province in cluster 2 is much higher than two other clusters, which points out a feasible direction for future fuel demand control.
Compared to that without substitution, the fuel demand in China in 2035 can be reduced by 94.11 Mt, which is equivalent to 26.3% of China's net oil imports in 2016. This proportion will further expand as the speed of fuel vehicle exit increases. Therefore, the exit of fossil fuel vehicles will greatly reduce China's foreign oil dependency and thus ensure China's energy security. Table 7 . Indicators for cluster analysis.
Interpretation
Indicator
Policy Restrictions
Policy (D = 1 if restricted policy is implemented, and D = 0 if not)
State of supporting facilities
Population density Urban rate GDP per capita 
Robustness Analysis of Different Substitution Speeds
We calculated automobile fuel demand in 2035 under three scenarios with slow, medium, and fast substitution speeds. Assuming that under the three scenarios, the proportion of NEVs for provinces in Cluster 1, 2, and 3 in 2035 is (25%, 15%, 5%), (30%, 20%, 10%), (35%, 25%, 15%), respectively. The results are shown in Table 10 and Figure 8 . Under the three scenarios, China's automobile fuel demand in 2035 will be 653, 615, and 576 million tons, respectively. Compared go the case without considering replacement, the total amount of gasoline and diesel can be reduced by 94, 132, and 169 million tons, respectively, which is equivalent to 118, 165, and 211 million tons of crude oil assuming 80% of the refined oil extraction ratio. The amount is about 32.9%, 46.1%, and 59.0% of China's net crude oil imports in 2016, respectively. The robustness analysis shows that China's fuel demand will decrease more under faster NEV substitution speeds, which is likely to happen when government implement more favorable policies for NEVs and stricter policies for fossil fuel vehicles. 
Conclusions
Vehicle ownership is one of the most important factors in determining fuel demand. As China's vehicle ownership is still in a period of rapid growth and has not reached saturation, detailed and appropriate forecast of China's vehicle ownership is necessary for the accurate prediction of oil demand in China. Our analysis shows that the relationship between the vehicle ownership rate and real GDP per capita in China conforms to the S-shape trend. Currently, most provinces are at a stage of accelerated growth. According to our results, there are gaps between the saturation levels of vehicle ownership rate among provinces, but they are acceptable compared to the time difference among provinces to reach the inflexion points. In 2035, the predicted vehicle ownership rate of each province will also be quite different, among which the top three highest vehicle ownership rates will be 654, 621, and 612 vehicles per thousand in Jiangsu, Chongqing, and Zhejiang, respectively. Besides, the total vehicle ownership of China will reach 667 million in 2035. And the top three provinces with the most vehicle ownership will be Guangdong, Shandong, and Jiangsu, with 78.26, 59.23, and 51.84 million vehicles, respectively. Without considering the impact of NEVs substitution, the total fuel demand of China's automobiles is expected to be 746.69 Mt in 2035. Guangdong, Henan, and Shandong will be the three provinces with the most demand for automobile fuel, which will be 76.76, 64.91, and 63.95 Mt respectively. Taking the substitution effects of NEVs into consideration, China's automobile fuel demand in 2035 will be 652.58 Mt, and the amount replaced by NEVs will be 94.11 Mt, which is equivalent to 26.3% of China's net oil imports in 2016.
The study contributes to the literature by using a detailed bottom-up prediction model with consideration of provincial heterogeneity in China, which helps generate more accurate forecast results. Different from previous studies which assume homogenous saturation levels of each province, we take into account the provincial differences and relate the growth pattern with provincial population density, urbanization rate, and economic development. For a country like China with vast regional disparity, this analysis can help policy makers formulate and implement more targeted and effective policies. Furthermore, the method can be applied to other countries or regions with dramatic heterogeneity.
The paper also has important policy implications. It can be inferred from our prediction results that the amount of oil saved by fossil fuel vehicle exit is huge. According to the forecast of IEA [30] , China's net crude oil imports will reach the peak in 2040, with the net import of 13 million barrels, about 678 Mt per day, which is equivalent to 542 Mt of refined oil, assuming 80% of the extraction 
The paper also has important policy implications. It can be inferred from our prediction results that the amount of oil saved by fossil fuel vehicle exit is huge. According to the forecast of IEA [30] , China's net crude oil imports will reach the peak in 2040, with the net import of 13 million barrels, about 678 Mt per day, which is equivalent to 542 Mt of refined oil, assuming 80% of the extraction ratio. (The refined oil is produced by an industrial process plant where crude oil is transformed and refined into more useful products such as gasoline, kerosene, diesel, and other alternative fuels, such as ethanol gasoline and biodiesel, that meet the national product quality standards and have the same use, according to Article 4 of the Refined Oil Measures (No. 23, 2006 , Ministry of Commerce of the People's Republic of China.)) Therefore, the exit of fossil fuel vehicles will greatly reduce China's foreign oil dependency, thus ensuring China's energy security.
It should be pointed out that we assume the future fuel economy in China will improve at the average rate between 2004 and 2014 in our study, which makes it possible that accelerated technological progress may result in a lower actual fuel demand than our forecast. In addition, this paper does not discuss the possible future changes in people's vehicle purchase behavior. If great progress is made in the technology, price, and supporting facilities of NEVs, or if new restrictive policies of fossil fuel vehicles are introduced, such as car purchase restriction and subsidies for NEVs, the proportion of NEVs will not be negligible any more, and the growth of automobile fuel demand in the future will also be lower than our forecast results.
Based on our conclusions above, we propose the following two suggestions: Firstly, according to the forecast results, China's automobile fuel demand will continue growing at an accelerated speed in the future if there is no control, thus exacerbating China's environmental problems and raising its dependency on foreign oil. In order to overcome such a situation, relevant policies can be introduced to address the petroleum safety problems that may arise from the excessive growth of vehicle ownership. Such policies may proceed from the perspective of promoting the adjustment of automobile stock and fuel structure, and the improvement of fuel economy.
Secondly, corresponding policies should be developed considering the provincial differences. As it has been demonstrated above, Guangdong, Henan, Shandong, and some other provinces will be the main driving forces for China's automobile fuel demand growth in the future. These provinces are usually regions with rapid economic growth and large population base. Therefore, more focus ought to be put on these regions to effectively alleviate the rapid growth of automobile fuel demand in China. 
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